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We performed Cu K-edge X-ray absorption fine structure measurements on T’-type
La1.8Eu0.2CuO4 (LECO) and Nd2CuO4 (NCO) to investigate the variation in the electronic state
associated with the emergence of superconductivity due to annealing. The X-ray absorption near-
edge structure spectra of as-sintered (AS) LECO are quite similar to those of AS NCO, indicating
that the ground state of AS T’-type LECO is a Mott insulator. We found a significant variation of
the electronic state at the Cu sites in LECO due to annealing. The electron density after annealing
(nAN) was evaluated for both superconducting LECO and non-superconducting NCO and found to
be to be 0.40 and 0.05 electrons per Cu, respectively. In LECO but not in NCO, extended X-ray
absorption fine structure analysis revealed a softening in the strength of the Cu-O bond in the CuO2
plane due to annealing, which is consistent with the screening effect on phonons in the metallic state.
Since the amounts of oxygen loss due to annealing (δ) for LECO and NCO are comparable with
each other, these results suggest distinct electron-doping processes in the two compounds. That
electron-doping in NCO approximately follows the relation nAN = 2δ can be understood if elec-
trons are doped through oxygen deficiency, but the anneal-induced metallic nature and large nAN of
LECO suggest a variation of the electronic band structure causes self-doping of carriers. The origin
of the difference in doping processes due to annealing is discussed in connection with the size of the
charge transfer gap.
I. INTRODUCTION
Single-layer cuprate oxides RE2CuO4 (where RE
means rare-earth) possess three structural isomers. The
T’-type isomer has four oxygens coordinated around the
Cu ion, the T*-type has five, and the T-type has six.
Historically, all forms of RE2CuO4, regardless of their
oxygen-coordination numbers, have been assumed to be
charge transfer (CT) Mott insulators, and the parent
compounds of high-transition-temperature superconduc-
tors. However, the reported observation of superconduc-
tivity in T’-type RE2CuO4 has raised the possibility that
the ground states of RE2CuO4 structural isomers are not
unique 1–3; this inaugurated the study of how different
oxygen coordinations affect physical properties of the iso-
mers4–6.
So far, superconductivity in Ce-free (undoped) T’-type
RE2CuO4 has been observed in limited samples such as
thin films after adequate oxygen reduction annealing1. In
the case of single-crystal and high-temperature synthe-
sized powder samples of RE2−xCexCuO4, grown by the
conventional method, superconductivity has not been re-
alized at x = 0 even for annealed samples7–10. Given that
the ground state of the T’-type RE2CuO4 is metallic, the
removal of partially existing excess oxygens at the apical
site is the key to achieving superconductivity; this can
be done homogeneously for the thin film because of the
large surface-to-volume ratio.
Recent studies of photoemission and soft x-ray absorp-
tion spectroscopy have shown evidence of anneal-induced
electron-doping10–15. On the basis of angle-resolved
photoemission spectroscopy experiments on thin-film
Pr2CuO4, Horio et al. have concluded that oxygen non-
stoichiometry induced by annealing in the CuO2 plane
and/or the RE2O2 layer is the origin of such doping
13.
Importantly, this suggests that structural disorder is
present even in the superconducting sample and that the
superconductivity in T’-type RE2CuO4 is the result of
electron doping. Thus, it is essential to understand the
relationship between the anneal-induced variation of the
electronic state and the occupancy (or lack of occupancy)
of each site by oxygens.
There are two possible scenarios for electron doping
through annealing:
(i) Electron doping into the Cu 3dx2−y2 upper Hub-
bard band (UHB) by induced oxygen deficiency and/or
by removal of the apical oxygen. (See Fig. 4(c).) In this
case, the increased electron density after annealing (nAN)
is given by nAN = 2δ, where δ is the amount of reduced
oxygen in the formula unit due to annealing.
(ii) Self-doping associated with the collapse of the CT
gap16–18. (See Fig. 4(d).) It has been proposed that the
removal of the apical oxygen lowers the Madelung energy
of the Cu 3dx2−y2 UHB17, resulting in the hybridization
with the O 2p band on the Fermi level. In this situa-
tion, both electron and hole carriers could be generated
simultaneously.
A recent X-ray absorption near-edge structure
(XANES) study on high-temperature synthesized
Pr2−xCexCuO4 (PCCO)19 found that, although
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2TABLE I. Lattice constants for as-sintered (AS) and annealed
(AN) compounds of La1.8Eu0.2CuO4 (LECO) and Nd2CuO4
(NCO).
a (A˚) c (A˚)
LECO AS 3.9994(7) 12.485(4)
LECO AN 4.0037(2) 12.459(1)
NCO AS 3.9452(5) 12.176(1)
NCO AN 3.9463(5) 12.172(1)
nAN = 2δ in the smaller δ region, it tends to be higher
in the larger δ region. This result suggests that the
sequential electron-doping process (i) gives way to the
self-doping process (ii) with increasing δ. To under-
stand the mechanism of undoped superconductivity
in T’-type RE2CuO4, it is necessary to clarify how
annealing induces electron transfers not seen in the
non-superconducting compound. For this purpose, a
low-temperature synthesized powder sample of T’-type
La1.8Eu0.2CuO4 (LECO) would be an excellent candi-
date system3. However, superconducting LECO can be
obtained only in the form of powder, and therefore, the
experimental method of the electronic state is limited.
In this study, we performed Cu K-edge X-ray absorp-
tion fine structure (XAFS) measurements on LECO and
high-temperature synthesized Nd2CuO4 (NCO). The lat-
ter is non-superconducting even after annealing. By in-
vestigating the XANES spectra of LECO, we found sig-
nificant evolution of the electronic state at Cu sites due
to annealing, with a large nAN value of 0.40 electrons
per Cu. Extended X-ray absorption fine structure (EX-
AFS) analysis, furthermore, indicated that the strength
of the Cu-O bond in the CuO2 plane had softened due to
annealing, which is consistent with the screening effect
on phonons in the metallic state. In NCO, on the other
hand, nAN and δ were found to be 0.05 electrons per
Cu 0.035 per unit formula, respectively, approximately
following the nAN = 2δ relation; no evidence of the soft-
ening of the Cu-O bond due to annealing was observed.
Since the δ values of LECO and NCO are comparable,
these results suggest that the variation of the electronic
state due to annealing proceeds in a different manner in
each compound.
II. SAMPLE PREPARATION AND XAFS
EXPERIMENT
As-sintered (AS) polycrystalline samples of LECO
were prepared by the low-temperature synthesis method,
described previously3. Superconducting LECO with a
transition temperature (Tc) of 20 K was obtained by an-
nealing the AS samples in vacuum at 700 ◦C for 24 h.
The oxygen loss δ in LECO due to annealing was not de-
termined precisely but a maximum value of 0.05 per unit
formula was obtained from neutron diffraction measure-
ments20. AS polycrystalline samples of NCO were syn-
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FIG. 1. (Color online) (a) Cu K-edge XANES spectra for as-
sintered (AS) and annealed (AN) La1.8Eu0.2CuO4 (LECO).
The XANES spectrum for as-sintered Nd2CuO4 (NCO) is
plotted as a reference. The inset is the enlarged spectra for
the energy between 8975 eV and 8986 eV. (b) The difference
spectra for LECO and NCO, which are obtained by subtract-
ing the spectra of the AS compounds from those of AN ones.
thesized by the solid-state reaction method. Annealed
(AN) NCO was prepared by annealing the AS NCO in
flowing Ar gas at 750 ◦C for 12 h. The value of δ in
NCO was determined (by the weight loss of the sample
through annealing) to be 0.035 per unit formula. AN
NCO is an insulator that shows magnetic order below
∼260 K21. The phase purity of the samples was checked
by X-ray powder diffraction. Lattice constants evaluated
by Rietveld analysis on the X-ray diffraction pattern for
LECO and NCO are shown in Table I. In both LECO and
NCO, the in-plane (out-of-plane) lattice slightly elon-
gates (shrinks) due to annealing.
Cu K-edge XAFS measurements were performed with
the transmission mode at the BL01B1 and BL14B1
beamlines at the SPring-8 synchrotron radiation facil-
ity. Using an Si(111) double-crystal monochromator, we
measured XAFS spectra at 300 K on small pellets (7
mm in diameter and 0.5 mm in thickness), which were
mixed with boron nitride for self-support. XAFS spectra
consist of XANES and EXAFS spectra, reflecting the un-
occupied electronic state and the local structure around
the Cu site, respectively. The temperature dependence of
the EXAFS spectra was measured from 10 K to 300 K to
analyze the atomic displacement factor C2(= σs +σd) of
36420
r (Å)
20 K
110 K
200 K
300 K
as-sintered
annealed
1.0
0.8
0.6
0.4
0.2
0
|
(r
)|
 (
Å
-2
)
6420
r (Å)
20 K
110 K
200 K
300 K
as-sintered
annealed
La1.8Eu0.2CuO4+α-δ
C
u
－
O
p
C
u
－
R
E
C
u
－
O
R
E
C
u
－
C
u
Nd2CuO4+α-δ
C
u
－
O
p
C
u
－
R
E
C
u
－
O
R
E
C
u
－
C
u
(a) (b)
FIG. 2. (Color online) The absolute value of the Fourier trans-
form of the EXAFS oscillations for (a) La1.8Eu0.2CuO4 and
(b) Nd2CuO4 measured at 20, 110, 200, and 300 K. The solid
bars denote the corresponding positions for Cu–Op, Cu–RE
(RE = La, Eu, Nd), Cu-ORE, and Cu-Cu paths. Op and ORE
represent oxygen sites in the CuO2 plane and in the REO
layer, respectively. The results for AS samples are shifted
along the vertical direction by 0.4 A˚
−2
.
the Cu-Op bond. Here, σs (σd) is the static (dynamical)
displacement component and is attributed to the ran-
dom displacement of atomic positions (thermal vibration
of atoms). Op represents oxygen in the CuO2 plane.
III. RESULTS
Figure 1(a) shows XANES spectra for AS and AN
LECO. The spectrum for AS NCO is also plotted in Fig.
1(b) as a reference. The AS samples of LECO and NCO
exhibit quite similar spectra, indicating the same elec-
tronic state in both AS compounds. This similarity is
consistent with the published results for AS Pr2CuO4
19.
The small difference in the structure around 8994 eV and
9000 eV, energies corresponding to 1s-4pσ transitions,
can be understood by the variation of the size of rare-
earth atoms22. Therefore, the ground state of AS T’-type
RE2CuO4 does not depend on the synthesis method. The
identification of the same ground state in AS LECO and
NCO is an important starting point for discussing the
variation of the electronic state in the two compounds
due to annealing.
As seen in Fig. 1(a), annealing induces a drastic
change in the XANES spectrum of LECO. The inten-
sity around energies corresponding to the 1s–4ppi transi-
tions (8983 eV and 8991 eV) increases, while that around
the 1s–4pσ transitions (8994 eV and 9000 eV) decreases.
A similar spectral change has been observed for PCCO
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FIG. 3. (Color online) Temperature dependence of the atomic
displacement factor for the Cu-Op bond C2 in (a) as-sintered
and annealed La1.8Eu0.2CuO4 and (b) Nd2CuO4. Solid lines
are the fitting results using Eq. (1).
with Ce-substitution; it suggests electron doping into the
sample19,22–24.
To see the spectral change due to annealing more
clearly, we subtract the XANES spectrum of AS LECO
from that of AN LECO. The difference spectrum of
LECO is shown in Fig. 1(b) together with the anal-
ogous result for NCO. The amplitude of the difference
spectrum is much larger in LECO, demonstrating that
annealing has a larger effect on the electronic state. The
peak at 8981 eV in the difference spectrum reflects the
1s-4ppi dipole transition of Cu+; the existence of a pos-
itive intensity, therefore, indicates the formation of Cu+
(3d10) sites in the sample due to annealing. By analyzing
the intensity, we can evaluate nAN, taking the previous
XAFS results of AS PCCO into account19,25. The value
of nAN obtained for LECO was 0.40 electrons per Cu,
which is much larger than the electron density of 0.21
electrons per Cu in superconducting PCCO with x =
0.1619. Thus, a large number of electron carriers exist in
superconducting LECO, while the number of doped elec-
trons in non-superconducting NCO due to annealing is
rather small (nAN ∼ 0.05 electrons per Cu). Because the
δ values of LECO and NCO are comparable with each
other, the variation of the electronic state caused by an-
nealing differs between the two compounds. We will dis-
cuss the doping process due to annealing for LECO and
NCO later.
Next, we analyzed the EXAFS spectra. Since the
amount of removed oxygen is tiny, one may think that
the change in the XANES spectra reflects only the local
information around the removed oxygens. Thus, we ex-
amined that the variation of the electronic state due to
annealing is caused throughout the LECO sample, from
4TABLE II. Energy of Einstein oscillator ~ωE for as-sintered
(AS) and annealed (AN) compounds of La1.8Eu0.2CuO4
(LECO) and Nd2CuO4 (NCO), amplitude of softening due
to annealing ∆ωE , static atomic displacement factor σs.
~ωE (meV) ∆~ωE (meV) σs (10−3 A˚
2
)
LECO AS 44.3(4) - 2.0(1)
LECO AN 40.6(4) 3.7(4) 4.1(1)
NCO AS 44.8(5) - 0(1)
NCO AN 44.2(4) 0.6(5) 0.5(1)
the structural point of view. Figure 2 shows |χ(r)|, the
absolute value of the Fourier transform of the EXAFS
oscillations k|χ(k)| in the region 3 ≤ k ≤ 10 A˚−1 for
LECO and NCO. (The results for AS samples are shifted
along the vertical direction by 0.4 A˚
−2
for visual clarity.)
In the figure, the Fourier-transform peaks/shoulders cor-
responding to Cu-Op, Cu-RE (RE = La, Eu, Nd), Cu-
ORE, and Cu-Cu bonds can be seen. For both LECO
and NCO, the overall shape of |χ(r)| is the same for
AS and AN samples. Thus, the structural change due
to annealing is negligible or small. However, the am-
plitude is smaller at each temperature for LECO than
for NCO, meaning that there is considerably more static
disorder in the superconducting LECO than in the non-
superconducting NCO.
The amplitude of each peak/shoulder decreases upon
warming due to the thermal vibration of the atoms. The
intensity of the peak at ∼1.5 A˚ has been analyzed to
obtain the atomic displacement factor C2 for the Cu-
Op bond. Figures 3(a) and 3(b) show the temperature
dependence of C2 for LECO and NCO, respectively. (To
make different annealing effects on LECO and NCO more
visible, C2 for AS samples has been shifted along the ver-
tical direction.) Upon warming, the C2 of AN LECO in-
creases more rapidly than that of AS LECO. This rapid
increase indicates the softening of the Cu-Op bond due to
annealing, and is consistent with the result of the present
XAFS; the large number of mobile carriers induced by
annealing can soften phonons due to the screening ef-
fect. The softening of longitudinal optical phonons (cor-
responding to the Cu-O bond stretching mode) by elec-
tron doping has indeed been observed at around the Γ
point in T’-type cuprates26,27. Therefore, we conclude
that the variation of the electronic state due to annealing
is a bulk phenomenon taking place throughout the entire
LECO sample. On the other hand, no clear annealing ef-
fect on the thermal evolution of C2 was observed in NCO,
for which nAN is rather small.
Based on the Einstein model, the temperature depen-
dence of C2 was analyzed using the equation
C2 = σs + (~/2µωE)2coth(~ωE/2kBT ), (1)
where ωE is the oxygen frequency of Einstein oscillators,
and µ is the reduced mass of copper and oxygen atoms.
Here, ~ and kB represent the reduced Planck constant
and Boltzmann constant, respectively. For all samples,
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FIG. 4. (Color online) (a) Energy of the charge trans-
fer gap ∆CT as a function of the Cu-Op bond-length
dCu−Op for T-type La2CuO4 (T-La), T*-type cuprates (T*),
T’-type Pr2CuO4 (T’-Pr), T’-type Nd2CuO4 (T’-Nd), T’-
type Sm2CuO4 (T’-Sm), T’-type Eu2CuO4 (T’-Eu), T’-
type Gd2CuO4 (T’-Gd), and T’-type La1.8Eu0.2CuO4 (T’-
La1.8Eu0.2)
28–31. All of T’-type RE2CuO4 are as-sintered
(AS) compounds. ∆CT calculated by the ionic and cluster
model is also plotted32. The gray solid line is a guide to the
eye. Schematic picture of the density of states for (b) AS
compounds, (c) annealed (AN) Nd2CuO4 (NCO) and (d) AN
La1.8Eu0.2CuO4 (LECO). See the text.
we assumed a temperature-independent σs, since no evi-
dence of structural transitions was observed in the mea-
sured temperature range. The values of ~ωE evaluated
for each sample are summarized in Table II. In the AS
compounds, the ~ωE values for LECO and NCO are com-
parable with each other. However, ωE in LECO decreases
by about 10% due to annealing, while the annealing ef-
fect on ωE in NCO is negligible. The quantitative analy-
sis further revealed a larger σs in AN LECO than in AS
LECO, indicating the enhancement of static disorder due
to annealing.
IV. DISCUSSION
The present study has demonstrated for the first time
a drastic variation of the electronic state in LECO asso-
5ciated with the appearance of superconductivity due to
annealing. Here, we discuss the possible origin of this
variation, as well as the reason that annealing has differ-
ent effects on the electronic states in LECO and NCO.
The focus of our discussion will be on the size of the CT
gap.
Mott insulators such as T-type La2CuO4 are charac-
terized by the CT gap (with gap energy ∆CT) between
the Cu 3dx2−y2 UHB and the O 2p band33 (Fig. 4(b)).
Since a clear gap structure has been observed in the op-
tical conductivity spectra of AS NCO28, the similarity in
the XANES spectra of AS LECO and AS NCO demon-
strates that AS LECO is a Mott insulator. However, the
anneal-induced electronic states of the two compounds
are quite different. NCOs nAN (0.05 electrons per Cu)
and δ (0.035) approximately follow the nAN = 2δ rela-
tion. This means that the removal of one oxygen atom
predominantly generates two electrons in the system,
which is consistent with electron-doping into the UHB
without disappearance of the CT gap, as shown in Fig.
4(c). By contrast, LECOs nAN of 0.40 electrons per Cu
is far beyond the expected value from the nAN = 2δ re-
lation, given that δ ≤ 0.05. Thus, very many electrons
exist in the superconducting sample. As was discussed in
connection with the previous XANES results for PCCO,
the emergence of so many electrons suggests the simulta-
neous generation of holes to maintain charge neutrality.
This situation is difficult to explain by a picture based
on electron doping into the UHB with finite ∆CT. In the
case of LECO, the removal of oxygen would cause the
collapse of the CT gap, and as a result, both electrons
and holes emerge at the Fermi level in the hybridized
UHB and O 2p bands. (See Fig. 4(d).) The collapse of
the CT gap may occur by lowering the energy of UHB
and/or broadening the bandwidth to touch on the O 2p
band.
We speculate that such a distinct evolution is at-
tributable to the different size of ∆CT in the AS com-
pound. Figure 4(a) shows the ∆CT reported by optical
studies28–31 as a function of the Cu-O bond-length dCu−O
for T, T*, and T’-type RE2CuO4. ∆CT, which is corre-
lated with the Madelung energy at the Cu sites, is smaller
in the compounds with lower coordination. Furthermore,
in the T’-type RE2CuO4 with four coordination, ∆CT de-
creases with increasing dCu−O. Since the dCu−O for AS
LECO corresponding to a/2 is 2.00 A˚, LECO is expected
to have the smallest ∆CT among RE2CuO4. A CT gap
with small ∆CT easily collapses when the in-gap state is
filled by a small amount of electron-doping and/or when
the UHB is lowered by the removal of apical oxygen17.
Therefore, even though the ground states of LECO and
NCO are the same, reduction annealing induces a marked
variation of the electronic state in LECO.
Although the true ground state of T’-type RE2CuO4
cannot be elucidated due to the lack of information on
the oxygen stoichiometry of the samples, the present
study provides an important clue for understanding un-
doped superconductivity in T’-type cuprates. According
to the results shown in Fig. 4(a), the CT gap potentially
closes even in the AS compound with a sufficiently large
value of dCu−O, and therefore, the metallic state will ap-
pear. Combined with the experimental fact that super-
conductivity is induced with a smaller Ce concentration
in T’-type RE2−xCexCuO4 having a larger in-plane lat-
tice constant9,34–36, this implies that undoped supercon-
ductivity could be realized in T’-type RE2CuO4. Thus,
the ground state of T’-type RE2−xCexCuO4 can be con-
trolled by the Cu-O bond-length. This opens the way
for a unified understanding of the physical properties of
T’-type cuprates from the viewpoint of the size of ∆CT.
Finally, we will briefly discuss static disorder in T’-type
RE2CuO4. In the RE2CuO4 cuprate oxides, the T’-type
structure tends to transform into the T-type one as the
average radius RAV of the rare-earth ion increases
37–41.
This is to alleviate the size mismatch between Cu-O-Cu
and RE-RE bonds. Our EXAFS measurements revealed
a larger value of σs in LECO (RAV = 1.164 A˚) than in
NCO (RAV = 1.123 A˚). This is probably due to LECOs
greater structural instability, since LECO locates near
the phase boundary between T’ and T structures against
RAV. In the vicinity of the phase boundary, the elon-
gation of the in-plane lattice constant due to annealing
easily enhances the structural instability and increases
σs, as seen in Table II. Muon spin relaxation measure-
ments suggest the coexistence of short-range magnetic
order with superconductivity in the ground state of AN
LECO42. From the structural point of view, the exis-
tence of a magnetic order in superconducting LECO is
attributable to a partial localization of carriers due to the
large structural disorder. That is, the structural disorder
accompanied by the disorder of the electrostatic potential
causes the localization of carriers, leading to the appear-
ance of static magnetism in the competing superconduct-
ing state. Thus, Tc in LECO could be increased by the
suppression of magnetic order through the relaxation of
structural disorder.
In summary, reduction annealing effects on the elec-
tronic states at Cu sites in LECO and NCO have been
investigated by Cu K-edge XAFS measurements. The
analysis of XANES spectra has revealed a significant evo-
lution of the electronic state in LECO due to annealing
with a large induced electron density nAN of 0.40 elec-
trons per Cu. For NCO, the variation is much smaller,
with nAN only 0.05 electrons per Cu. The EXAFS anal-
ysis showed evidence of phonon softening of the Cu-O
bond in the CuO2 plane due to annealing for LECO but
not for NCO. Therefore, the electronic states for the two
compounds vary by distinct processes, although δ, the
amount of oxygen loss due to annealing, is comparable
for the two systems. The distinct evolution of the elec-
tronic states for LECO and NCO can be attributed to
the difference in size of the charge-transfer energy gap in
the AS compounds; the electronic state in LECO, which
has a smaller ∆CT, is more sensitive to the oxygen re-
moval that could introduce the electron-doping and/or
variation of the band structure.
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